Various rhizosphere bacteria are potential (micro)biological pesticides which are able to protect plants against diseases and improve plant yield. Knowledge of the molecular mechanisms that govern these beneficial plant-microbe interactions enables optimization, enhancement and identification of potential synergistic effects in plant protection. The production of antifungal metabolites, induction of systemic resistance, and the ability to compete efficiently with other resident rhizobacteria are considered to be important prerequisites for the optimal performance of biocontrol agents. Intriguing aspects in the molecular mechanisms of these processes have been discovered recently. Phenazines and phloroglucinols are major determinants of biological control of soilborne plant pathogens by various strains of fluorescent Pseudomonas spp. This review focuses on the current state of knowledge on biocontrol by phenazine-producing Pseudomonas strains and the action, biosynthesis, and regulation mechanisms of the production of microbial phenazines.
). The action of phenazines has been studied extensively over the past three decades. Several strains have already been marketed as commercial biocontrol products, such as Cedomon (BioAgri AB, Uppsala, Sweden), a seed treatment based on a phenazine-producing Pseudomonas chlororaphis strain providing protection against seed-borne diseases in barley and oats. There is much interest in the development of new biocontrol agents to extend the area of application and the range of target pathogens to be controlled.
Biocontrol microbes, either present naturally or introduced as an inoculant (e.g. by application onto the seed) interact with the surrounding organisms. The biocontrol agent must proliferate on the appropriate plant root surface and inhibiteither directly or indirectly -growth of the target pathogen to reduce or eliminate infection by the pathogen (Scher & Baker, 1980) . The interaction may be a direct interaction between bacterium and pathogen or mediated through the host plant such as in case of induced systemic resistance (ISR) (van Loon et a., 1998). These two factors outlined in this paper are generally considered to be of crucial importance for biocontrol strains.
Bacterial root colonization and its role in biocontrol Inoculant bacteria that are introduced into the soil must compete with the often better-adapted resident microflora. Microbial proliferation associated with the root is generally referred to as root colonization (Dekkers, 1997). The population of many inoculant strains declines progressively in time after introduction (Bashan, 1998).
When bacteria are applied in relatively high numbers to seeds before planting, the applied biocontrol agent can cause inhibition of soil fungi only for a short period of time, similar to the effect of a chemical pesticide. Bacterial inoculants become more powerful agents than chemical ones when they multiply on the root and colonize the root system to achieve a desired effect for longer periods of time. The ability to establish itself for several months at a high level in the rhizosphere is therefore considered to be an important factor for the success of applications for beneficial purposes and suppression of plant diseases. The analysis and understanding of traits and genes involved in rhizosphere colonization and interactions is therefore important for insight into the molecular mechanisms of biocontrol (Suslow, 1982; Lugtenberg etal., 1991; Bloemberg & Lugtenberg, 2001 ). Root colonization not only results in high population densities on the root system, it also functions as the delivery system of antifungal metabolites (AFMs) such as phenazines along the whole root.
Not all isolates showing pathogen inhibition in vitro provide disease control or are rhizosphere competent. Biocontrol efficacy of pseudomonads is often related to their density in the rhizosphere. The bacterial population size was indicated to be the limiting step for biocontrol (Weller, 1988) . In several field trials the ability of the introduced biocontrol agent to establish itself effectively in the rhizosphere was essential for biocontrol (Schippers etal., 1987; Weller, 1988; Bull etal., 1991; Raaijmakers etal., 1995a; Raaijmakers etal., 1999) . The degree of colonization ability required for a certain application may also be dependent on the mechanism by which a biocontrol agent performs its action. For a strain which acts via antibiosis one may assume that proper colonization is needed to deliver antifungal compounds along the entire root system, whereas for a strain which acts through ISR a smaller number of bacteria during a restricted period of time may be sufficient to elicit a successful response in the host plant.
Vanderleyden, 1996). These unequivocal findings may be due to differences in bacterial strains, host plant, root sampling, or other experimental conditions. The P. fluorescensstrainsWCS365 andWCS374 and Pputida strain WCS358 with a mutation in the O-antigen sidechain of lipopolysaccharide (LPS) are impaired in colonization ( A two-component regulatory system consisting of the colS and colR genes that have homology to sensor kinases and response regulators (Dekkers et al., 1998a) was also shown to be involved in efficient root colonization of P. fluorescens WCS365. It was concluded that an environmental stimulus is important for colonization but the nature of the signal as well as of the target genes is still to be elucidated (Dekkers et al., 1998b).
The Sss site-specific recombinase of the X integrase gene family, to which XerC and XerD belong also, is necessary for adequate root colonization (Dekkers et al., 1998c). It was postulated that a certain bacterial subpopulation is important for competitive colonization of strain WCS365. Introduction of the sss gene into wild-type strains IP fluorescens strains F113 and WCS307 resulted into an enhanced colonization ability (Dekkers, 1997). Mutation of an ssslxerD homologue in P. chlororaphis PCL1391 also resulted in a tenfold impaired root tip colonization, both in a sterile sand system as well as in potting soil (Chin-A-Woeng et al, 2000). Although the mutant was not altered in the level of PCN production, biocontrol was abolished in an E oxysporum f. sp. radicis-lycopersicitomato biocontrol assay, apparently as a result of lower colonization levels (Chin-A-Woeng et a., 2000).
Other factors that were indicated to play a role in competitive colonization are growth rate (Scher et The production of secondary metabolites is often hypothesized to confer a selective advantage in the persistence in soil and the rhizosphere. The contribution to the ecological competence of strains was indeed shown for the phenazineproducing strains P. fluorescens 2-79 and P. aureofaciens strain 30-84 using Tn5 mutants impaired in phenazine biosynthesis. Phenazine-deficient strains have a reduced survival and a diminished ability to compete with the resident microflora (Mazzola et al., 1992) . However, production of the polyketide antibiotic 2,4-diacetylphloroglucinol in P fluorescens strain F113 did not influence the persistence of this strain in soil (Caroll et at, 1995).
Root-colonizing ability is not only important in biocontrol, but can also be predicted to be essential in other applications of microbial inoculants of seeds, such as for biofertilization, phytostimulation and phytoremediation, in which the effectiveness of the inoculant is likely to be dependent on the establishment of a minimum population size. It is also worthy of mention that many colonization traits important for biocontrol of plant diseases also play a role in Phenazine derivatives not only kill fungi but the phenazine derivative pyocyanin, produced by certain Pseudomonas aeruginosa strains, is also involved in killing of animal cells and tissues (Mahajan et al., 1999) . The two established biocontrol traits of P chlororaphis PCL1391, colonization and production of phenazine antibiotics, are bacterial traits that also play a role in colonization of animal tissues and in killing of animal cells, respectively. Therefore, we suggest that these bacterial traits are important in interactions with widely different eukaryotes and must have been developed early in evolution.
Antagonism against phytopathogens
The strategies through which biocontrol agents can antagonize soil-borne pathogens are generally divided into four categories (Thomashow & Weller, 1995 
3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP)
synthases and is thought to shunt precursors to the synthesis of shikimic acid, thereby bypassing the action of household DAHP synthetases. phzD and phzE are homologous to 2,3-dehydro-2,3-dihydroxybenzoate synthetases (isochorismatase) and anthranilate synthetase trpE, respectively. Chorismic acid is converted to ADIC by PhzE (Fig. 1) . Subsequently, ADIC is thought to be converted to DHHA by PhzD ( Functional analysis revealed that the phzM gene product is involved in the production of pyocyanin (Fig. Ib) . The phzS gene is located downstream from phzGl and encodes a 402-residue protein similar to bacterial monooxygenases. PhzS is thought to be involved in pyocyanin production as well as in the biosynthesis of 1-hydroxyphenazine in ?P aeruginosa PAO 1 (Mavrodi et al, 2001) (Fig. 1B) .
Regulation of phenazine production in Pseudomonas
Many of the antifungal factors produced by biocontrol organisms are secondary metabolites (Gutterson, 1990). The production of secondary metabolites is often not only dependent on intracellular factors but also on environmental conditions. One mechanism that bacteria have adopted to regulate the production of antifungal factors is population density-dependent gene expression or quorum sensing. A quorum sensing system was described in the early 1970s in the bioluminescent marine symbiont Photobacterium fisheri (Nealson et al, 1970) and is often used as a model system for quorum system (Eberhard, 1972).
Quorum sensing regulation processes are often interlinked with regulation of primary metabolism, global regulatory systems such as the GacS-GacA system, and stress response (e.g. sigma factors). Quorum sensing seems to be the most important regulation mechanism for phenazine-l-carboxylic acid production in P? aeruginosa (Pierson et al., 1994 ) and phenazine-1-carboxamide production in P chlororaphis (Chin-A-Woeng et al., 2001b) . In these strains, quorum sensing is also dependent upon GacS and GacA.
Population density dependent regulation
Bacteria can perceive extracellular conditions using numerous sensor/kinase signal transduction pathways (Gross etal., 1989). Quorum sensing enables bacteria to regulate their gene expression in a population density-dependent way and adjust their physiology according to their environmental conditions and coordinate the behaviour of the entire cell population (Fig. 2) Hanzelka et al.,  1997) . PhzI homologues produce more than one N-AHL molecule, suggesting that they can use more than one fatty acid type as a substrate. PhzI in P chlororaphis PCL1391 produces C6-HSL, C4-HSL and C8-HSL. Although minor products may not interfere with the function of the main compound, one should take into account the fact that there may be crosstalk if autoinducer molecules produced by one organism reach, and have an activity in another. One should also consider the fact that sensitivity to the distinct signals differs from one organism to another. This is reflected in the concentrations needed to activate gene expression (Schaefer etal., 1996) .
LuxI homologues such as LasI and TraI also confer the ability to produce the corresponding signal molecules in E. coli. Using radiolabelled 3-oxo-C6-HSL in P. fisheri and E. coli it was shown that autoinducers can diffuse between the cytoplasm and the environment (Kaplan & Greenberg, 1985) . Additional experimental data have indicated that active transport may be involved in the translocation of long-chain N-AHLs in P. aeruginosa (Pearson et aL, 1999) . A P. aeruginosa PAO1 mutant lacking the MexAB-OprM efflux pump accumulated autoinducer to a higher internal level than the wild type. These multidrug efflux pumps are known to cause efflux of certain hydrophobic compounds (Nikaido, 1996) . The N-AHL signalling systems using long-chain molecules may therefore be dependent upon the function of membrane efflux pumps and the proton-motive force needed to drive these pumps.
PhzR A number of studies investigated the specificity of autoinducer molecules for LuxR using N-AHL analogues. In these studies, the cognate autoinducer molecule was found to be the most active inducer of the reporter systems. Acyl chain length was shown to be an important factor determining activity, allowing deviation into a slightly shorter or longer acyl chain, albeit with a lower activity (Schaefer et al., 1996) .
Quorum sensing in the rhizosphere
By now it is clear that many rhizobacteria produce signal molecules for quorum sensing regulation, although the phenotypes or genes regulated by these signals is sometimes unknown. A survey of 137 soilborne and plant-associated Pseudomonas strains revealed that 40% of these strains produced an N-AHL detectable using one of the available N-AHL reporter systems. Remarkably, N-AHL-producing strains were only found among strains isolated from plants; none of the soil-borne strains produced detectable N-AHLs 
Global regulation of secondary metabolites and quorum sensing systems
Many quorum sensing systems are not only population dependent but are also regulated at additional levels. One particular quorum sensing modulon may be regulated by another quorum sensing system. Bacteria can possess multiple quorum sensing units in which one unit resides on top of one or more other modules and in this way regulate gene expression in a cascaded way. In the phenazine-producing P. aeruginosa PAO 1, the lasI-lasR regulatory pair controls the expression of the rhlI-rhlR, also termed vsmI-vsmR, quorum sensing genes (Latifi et al, 1995) .
The control of gene expression at the transcriptional level appears to be the major mechanism for quorum sensing systems to modulate the production of secondary metabolites. The stationary phase factor RpoS or os is involved in the regulation of expression of over 30 genes that function during, or in the transition to, stationary phase. RpoS affects many regulatory genes, some of which are also involved in the regulation of the production of antifungal compounds. An rpoS mutation resulted in the increased production of pyocyanin and the siderophore pyoverdine in P. aeruginosa PAO1 (Suh  et al, 1999) .
The GacS-GacA global regulatory system regulates the production of several secondary metabolites including 2,4-diacetylphloroglucinol, HCN The phenazine biosynthetic pathway and biosynthesis of aromatic amino acids share a common pathway. In many strains, phenazine compounds are produced in larger quantities than most other endproducts of the aromatic pathway. Studies indicate a more complex form of regulation of the first enzyme in the aromatic pathway in phenazine-producing strains than in strains that do not produce phenazines (Levitch, 1970) and that the regulation of phenazine biosynthesis may differ between phenazine-producing strains (Korth, 1974) . Growth rate and pyocyanin production could be enhanced by tyrosine and phenylalanine in P. aeruginosa A237 (Labeyrie & Neuzil, 1981). Phenazine production by P. aeruginosa was inhibited on media with glucose as the only source of carbon (Korth, 1973a). In P. aureofaciens and P. chlororaphis carbon sources with glyceraldehyde phosphate as metabolic intermediate gave rise to PCA and PCN production (Korth, 1973b). In P. aureofaciens, iron enhanced, while oxygen decreased PCA production (Korth, 1971) . In liquid cultures of P. fluorescens2-79 PCA production could be influenced by culture pH, temperature, carbon sources supplied, and addition of zinc sulphate, ammonium molybdate and cytosine (Slininger & Jackson, 1992; Slininger & Shea-Wilbur, 1995). The addition of adenine deterred PCA accumulation, while nitrogen source had no effect on production (Slininger & Jackson, 1992) .
In addition, some strains which produce more than one phenazine derivative produce a certain derivative in higher amounts under a distinct set of culture conditions (Kanner et al, 1978) . The identification of environmental conditions influencing phenazine production is important since natural environments can vary considerably in these factors and may, for this reason, explain the inconsistency in plant protection displayed by some phenazine-producing strains.
Future perspectives
Biopesticides continue to be a promising alternative for the use of environmentally unfriendly chemical fertilizers and pesticides. Crop plant resistance and biological control methods based on natural disease-suppressing organisms are regarded as the main alternatives. A significant number of bacterial biocontrol products based on Pseudomonas, Bacillus, Streptomyces and Agrobacterium species have already been marketed and commercial preparations based on rhizobacteria are steadily increasing. However, biotechnological efforts to give novel and better-performing products are still in need to give them the status of being practical substitutes to chemical pesticides.
Multiple microbial interactions involving bacteria and fungi in the rhizosphere provide enhanced biocontrol, in many cases, in comparison with biocontrol agents used singly. Insight into the extreme complexity of interactions that can occur in the rhizosphere is therefore essential. When developing screening programmes for antagonists, modes of action involved in each type of interaction need to be assessed with particular emphasis on rhizosphere competence, antibiosis, competition/parasitism and induced resistance whenever possible.
Little is known about the regulation of phenazine biosynthesis in the rhizosphere and the exact mechanism by which these phenazines inhibit growth of pathogens. Phenazines such as pyocyanin not only have an antimicrobial action but also appear to play a role in induced systemic resistance. The use of transcriptomics and proteomics promises to greatly speed up the identification of novel genes involved in the complex mechanisms of rhizosphere colonization and plant protection, including the regulation of genes for the production of secondary metabolites. Identification of promoters that are specifically expressed in the rhizosphere will allow the engineering of biopesticides with enhanced performance. Research into the role of plant genes involved in hosting beneficial plant-associated microbes will provide greater insight and should provide new tools to improve plant health. In the future, biological control of diseases could predominate over the use of chemical pesticides, in the same way as biological control of greenhouse insects already predominates. New Phytologist
